I N T RO D U C T I O N
Since 1939, the 1500 km long North Anatolian fault (NAF) in northern Turkey has produced 12 M > 6.7 earthquakes that have propagated both eastward and westward, with a cumulative rupture length of over 1100 km (Dewey 1976; Toksöz et al. 1979; Stein et al. 1997) (Fig. 1) . On 1999 August 17 the largest and most damaging earthquake in Turkey in 60 years extended the historical westward progression of large earthquakes along the NAF to within 100 km of Istanbul, a city of 12 million people (Fig. 1) . The M w = 7.4 Izmit (Kocaeli) earthquake represents the latest event within the historical sequence and its 125 km long surface rupture brings the western limit of recent NAF rupture into the Bay of Izmit in the Sea of Marmara (Fig. 2) .
The last major earthquake prior to the 1999 Izmit event was the M s = 7.1 (Pinar et al. 1996) Mudurnu Valley earthquake of 1967 July 22 that brought the previous western termination of NAF rupture near the town of Kanliçay (Fig. 3) . After 1967, in accordance with the historical earthquake progression, many researchers turned their attention towards the NAF segments west of the Mudurnu Valley. Investigations included monitoring seismic activity (McKenzie 1972; Evans et al. 1985; Crampin & Evans 1986; Iio et al. 1991; Gürbüz et al. 2000) , measuring ground surface displacements with a GPS network (Reilinger et al. 1997; Straub et al. 1997) , and predicting areas of increased Coulomb stress with fault C 2003 RAS Ternek (1964) and Tokay (1964) . Faults from compilation by Aydin & Kalafat (2002) . The surface traces of the last three major earthquake ruptures along the NAF are shown with thick lines. Descriptions of ruptures at each circled letter (a)-(e) are provided in the text and (b). Town names are abbreviated as follows: Iz = Izmit, Gc = Gölcük, Ar = Arifiye, Sp = Sapanca, Dg = Dogançay, Kl = Kanlicay, Kr = Karapürcek, Ak = Akyazi, Dk = Dokurcun, Gy = Gölyaka and Dz = Düzce. The box shows the location of (b). (b) Inset map showing secondary surface ruptures associated with the 1967 Mudurnu Valley earthquake (modified from Ambraseys & Zatopek 1969) . Lateral and vertical offsets are provided. (c) Inset map of secondary faults (thin lines) between the western termination of the Mudurnu Valley earthquake rupture and Lake Sapanca. The box shows location of (c). Secondary faults were mapped from geomorphology provided by 1:25 000 topographic maps and field reconnaissance by Muller and Aydin. Faults are dashed in areas of increased uncertainty. dislocation models (Stein et al. 1997; Nalbant et al. 1998) . In a study of the cumulative rupture along the NAF, Stein et al. (1997) showed that nine out of ten ruptures along the main fault trace since 1939 were brought closer to failure by preceding earthquakes. In combination, these research efforts created an increased awareness of the potential triggering effect caused by the perturbed stress field associated with prior earthquakes and lead to general agreement that the northern strand of the NAF in this region was highly susceptible C 2003 RAS, GJI, 154, [471] [472] [473] [474] [475] [476] [477] [478] [479] [480] [481] [482] to future failure. Indeed, several researchers correctly identified the Izmit region as being among the most hazardous after 1967 (Toksöz et al. 1979; Crampin & Evans 1986; Stein et al. 1997; Gürbüz et al. 2000) .
Labelling the Izmit region as the most susceptible to future failure after the 1967 earthquake was fairly intuitive based on the historical consistency of westward-propagating ruptures that were confined to the single main trace of the NAF (Fig. 1b) , and on the local microseismic swarm near the eastern termination of the Bay of Izmit Evans et al. 1985; Crampin & Evans 1986 ). The increasingly complex geometry of the NAF as it branches into multiple strands west of the Mudurnu Valley (Fig. 1a) , however, increases the difficulty of predicting the failure of specific faults. This paper investigates the potential for stress transfer between the 1967 Mudurnu Valley and 1999 Izmit earthquakes on a finer scale. We calculate the stress effects of the Mudurnu Valley earthquake on the future Izmit epicentre and maximum slip regions. There are two general questions we ask. First, did the 1967 Mudurnu Valley earthquake promote failure of the 1999 Izmit earthquake fault segments? And, secondly, did the Izmit earthquake segments accommodate the greatest Coulomb stress changes of all neighbouring faults?
R E G I O N A L FAU LT G E O M E T RY
On a regional scale, a change from purely dextral strike-slip to a combination of strike-slip and normal faulting focal mechanisms occurs along the NAF west of approximately 30
• E (Jackson & McKenzie 1984; McKenzie 1972) . This transition has been attributed to the interaction of the strike-slip fault system with the extensional regime of the Aegean Sea (Crampin & Evans 1986; Gürbüz et al. 2000) . The region accommodating strike-slip motion also broadens in northwestern Anatolia and the NAF splits into three zones west of the Mudurnu Valley (Armijo et al. 1999) (Fig. 1a) . The southern zone extends towards Bursa south of Uluabat and Ku Lakes and intersects the Aegean Sea near Edremit. From the Mudurnu Valley, the central zone defines the southern margins of Iznik Lake and the Marmara Sea to the Erdek peninsula. The northern zone extends west to Lake Sapanca, and then can be traced into the Bay of Izmit and the Marmara Sea. These three east-west-and northeastsouthwest-trending zones, which seem to have accommodated most of the large historical earthquakes in the region, lie within a regional pattern of east-west-and northeast-southwest-trending right-lateral strike slip faults (Fig. 3) . GPS measurements (Straub et al. 1997) indicate that the three branches combine to accommodate 22 ± 3 mm yr −1 of dextral strike-slip motion of Anatolia relative to Eurasia. The northern zone is the most active with approximate slip rates of 10-15 mm yr −1 (Straub et al. 1997) . The region between the northern and southern branches shows 5-10 mm yr −1 of distributed deformation without well-defined slip along the central fault strand. The southern fault strand is active and accommodates approximately 2-4 mm yr −1 of dextral slip. These active fault systems appear to be inherited from older structures (Yilmaz et al. 1997) , the most prominent of which is the topographic (Fig. 2) and lithologic ( Fig. 3) boundary that extends from the Mudurnu Valley west to Gölcük, which we refer to as the mountain-front fault. This major boundary, along which the 1967 Mudurnu Valley earthquake ruptured, separates the preTertiary basement to the south and the Neogene deposits to the north (Sarogolu et al. 1992) , and delineates the southern margin of the Izmit-Sapanca depression. The mountain-front fault, mapped as being active (Sarogolu et al. 1992; Woith et al. 2000) , exits the Mudurnu Valley and separates the more mountainous region to the south from dissected hills to the westnorthwest for ∼10 km (Fig. 2b) before trending east-west to Dogancay. West of Dogancay, the fault trends to the northwest towards the western end of Lake Sapanca. West of Lake Sapanca the fault trends approximately east-west and continues towards Gölcük. The rupture of the eastern portion of this fault in 1967 within the Mudurnu Valley and the observation of triggered slip on the fault south of Gölcük and just south of Lake Sapanca during the 1999 Izmit earthquake (Aydin & Kalafat 2002) suggest that the mountain-front fault is indeed active. Based on the locations of sequential earthquakes during the 1939 -1967 progression (Toksoz et al. 1979 , the position of the mountain-front fault, immediately ahead of the 1967 Mudurnu Valley rupture, suggests that this fault, in addition to the Izmit earthquake faults, would be a likely candidate for the next NAF earthquake after 1967. In this study we therefore compute stress changes on the mountain-front fault as well as the Izmit fault segments. For three potential 1967 Mudurnu Valley earthquake rupture configurations, we attempt to identify cases in which the Izmit fault receives a larger stress trigger than the mountain-front fault.
E A RT H Q UA K E S U R FA C E RU P T U R E S A N D R E L AY S T RU C T U R E S

1967 Mudurnu Valley earthquake
The Mudurnu Valley earthquake is reported to be M s = 7.1 (Ambraseys & Zatopek 1969; Pinar et al. 1996) and M w = 7.0 (Stein et al. 1997) with an approximate hypocentral depth of 10 km (Pinar et al. 1996) and an epicentral location of 40.7
• N, 30.8
• E. In detail, Pinar et al. (1996) • , dipping 87.4
• and with rake 175.5
• comprises 9 per cent of the total moment. The remaining 7 per cent of the total moment is released from two dip-slip subevents with different slip mechanisms determined to have depths of 18 km. Pinar et al. (1996) attribute the dip-slip events to local areas of tension or compression associated with segmentation of the dominant right-lateral fault system.
The main surface trace of the Mudurnu Valley rupture is slightly accurate, trending almost east-west for much of its 80 km length (Fig. 3) (Ambraseys & Zatopek 1969) . The easternmost 25 km of the fault break lies in a zone ruptured in the 1957 M s = 7.0 Abant earthquake (McKenzie 1972) but the later rupture does not precisely follow the surface trace from 1957 (Ambraseys & Zatopek 1969) . Along most of its length, the surface rupture occupies a broad 1-3 km wide shear zone with distributed secondary tensional and compressional structures. Fig. 4(b) shows the distribution of surface offset measured for the Mudurnu Valley earthquake (Ambraseys & Zatopek 1969; Güçlù 1969) . The sense of lateral motion in the Mudurnu Valley earthquake is right-lateral with a maximum horizontal offset of 1.9 m. A normal slip maximum of 1.2 m with the north side downthrown occurs toward the western end of the rupture. There are, however, inconsistencies in the reported vertical offsets along the fault that approach tens of centimetres and differ in sign at several locations. This suggests that the reported vertical slip values are most likely associated with local discontinuities in a Güçlù (1969) and Ambraseys & Zatopek (1969) . Mudurnu Valley earthquake fault 3-D slip distributions in metres for (c) case 1 (d) case 2 and (e) case 3. The surface slip in each model case matches a fourth-order polynomial fit through the measured right-lateral surface slip. The slip maximum at depth varies such that the calculated seismic moment for each case equals the estimated value of 2.7 × 10 19 N m. In cases 2 and 3 there is no surface slip west of the termination point in case 1. In all cases the model fault slip is purely right-lateral.
predominantly right-lateral fault structure. The dominant rightlateral focal mechanisms, together with the lack of large or consistent dip-slip focal mechanisms and surface offsets, suggest that the Mudurnu Valley earthquake may be well represented as a pure right-lateral slip event in our modelling.
1999 Izmit earthquake
The Izmit rupture is composed of six segments that we refer to, from west to east, as the Karamürsel, Sapanca, Sakarya, Akyazi, Karadere and Gölyaka segments (Fig. 4) . The Karamürsel segment extends to the west from a fault stepover near the epicentral region of Gölcük (epicentre located 40.70 • N, 29.99
• E (Tibi et al. 2001) ) and continues along the southern coast of the Bay of Izmit. The largest surface offset along this segment, and of the entire Izmit surface rupture, reaches a maximum of 4.8 m near Gölcük (Fig. 5) . The Sapanca and Sakarya segments trend east-west and extend from just east of Gölcük into the north side of Lake Sapanca (∼30 km) and then from the southern portion of Lake Sapanca to a few kilometres west of Akyazi (∼20 km), respectively. The maximum surface offsets on these segments are 3.0 and 4.5 m, respectively. The Akyazi segment, approximately ∼6 km long with 0.5 m of offset, trends roughly westnorthwest. The Karadere segment trends N 65
• E for ∼40 km along a geomorphically well-defined fault zone from east of Akyazi to southeast of Gölyaka. On this segment, slip reaches a maximum of 1.4 m. The Gölyaka segment extends ∼6-8 km from Gölyaka east towards Lake Melen and has only 0.2-0.5 m of right-lateral surface offset. 
Local structures between the 1967 and 1999 ruptures
To understand the transfer of earthquake slip from the Mudurnu Valley earthquake fault to the Izmit earthquake fault, we must consider the region between the western termination of the Mudurnu Valley earthquake rupture and the segments of the Izmit fault rupture within the middle of the Izmit-Sapanca depression (Fig. 2) . If the Mudurnu Valley fault continues along the mountain-front fault, as the topography suggests, then the transfer of slip onto the IzmitSapanca fault segments would require a lateral jump northward of several kilometres. If the Mudurnu Valley and Izmit-Sapanca faults, however, were actually linked at depth, then the rupture of the IzmitSapanca segments in 1999 would be the extension of a pre-existing rupture front.
Using a 30 m resolution DEM image (Fig. 2a) , one can trace the westward extension of the Mudurnu Valley fault into the Adapazari plain and along the mountain-front fault separating the more mountainous region to the south from dissected hills to the WNW for ∼10 km as it trends towards Lake Sapanca. The mountain-front fault is not well exposed at the surface in this region. Perhaps for this reason, Ikeda et al. (1991) suggest, on the basis of a stereographic analysis of SPOT imagery, that there is no geomorphic evidence for Quaternary faulting along this section of the mountain-front fault. Rather, they argue that there are many faults and folds of short length forming a wide deformation zone within the Izmit-Sapanca depression to the north. Field reconnaissance and mapping of geomorphology by the authors indicate northwest-trending subsidiary faults southeast of Lake Sapanca (Fig. 3c) . From surface-based evidence alone, however, it remains unclear whether these structures link the mountain-front fault and the Izmit earthquake fault.
Within this deformation zone, Ambraseys & Zatopek (1969) map several small intermittent ruptures caused by the 1967 event in a zone from Kanlicay to the shores of Lake Sapanca as summarized below and shown in Fig. 3(b) . The main continuous Mudurnu Valley earthquake surface rupture terminates about 3 km southeast of Karapürcek with 25 cm of right-lateral offset and 10 cm of vertical offset (north-side downthrown) (point a). Proceeding westnorthwest, there were a series of increasingly discontinuous ground ruptures with vertical offsets decreasing to 5-10 cm and barely discernible lateral offset. Further north and west near Kanlicay a ∼2 km rupture crosses two streams showing 70 cm of right-lateral offset and 30 cm of throw to the north (point b). Between Kanlicay and Dogançay there is no reported evidence of surface rupture. Near Dogançay, a rail line was damaged by a 40 cm vertical offset along a lineation trending N70
• W (point c); however, no lateral offset was observed. This feature near Dogançay represents the westernmost surface rupture along the mountain-front fault that can be associated with the 1967 rupture.
From Dogançay north to Sapanca there is no reported evidence of surface rupture. North along the Sakarya River there were several small surface ruptures with only vertical offsets reported (near point d). However, vertical offset together with their proximity to the river suggests the possibility of landsliding or settlement due to shaking and liquifaction. Further north and west from this point, the only reported surface ruptures are on the shores of Lake Sapanca. On the southern shore of the lake there was a wide zone of ground ruptures (point e) trending N30
• W extending for up to 400 m inland and accommodating right-lateral displacements of 20 cm and a throw to the northeast of 40 cm. On the northwest projection of these cracks, emerging from the north side of the lake, a crack displayed barely perceptible lateral offset and 15 cm of throw to the northeast. While Ambraseys & Zatopek (1969) cannot directly attribute this array of secondary surface ruptures to a tectonic origin, they form a compelling lineation between the 1967 and 1999 surface rupture traces and suggest the potential for further rupture in the subsurface during the Mudurnu Valley earthquake.
C O U L O M B S T R E S S C H A N G E S A N D M O D E L
We now investigate the potential for triggering of the 1999 Izmit earthquake due to different 1967 subsurface rupture geometries. The three different 1967 rupture geometries (Fig. 5a ) are based on surface deformation reported right after the 1967 earthquake and on geological and geomorphological observations. In the first case, the western termination of the Mudurnu Valley fault is the same as the western termination of continuous surface rupture in 1967 near the town of Karapürcek. The geometry of case 2 allows for the possibility of slip extending at depth along the mountain-front further than Karapürcek, as may be suggested by the minor surface ruptures near Dogançay (Fig. 3a, point c) . In case 3, the Mudurnu Valley earthquake fault extends towards Lake Sapanca through the zone of secondary surface ruptures mapped by Ambraseys & Zatopek (1969) .
Based on eq.
(1) and the elastic stress distribution about a strikeslip fault, the Coulomb stress change on any 'observation' fault will depend on the coefficient of friction and the locations and orientations of the observation faults relative to the fault that has slipped (Muller & Aydin 2003) . Given that the orientations of the Izmit and mountain-front fault segments are fixed, and the coefficient of friction is not likely to change from one configuration to the next, then the location of the greatest Coulomb stress increase is controlled by the location and proximity of the western end of the Mudurnu Valley rupture.
We calculate the change in the static right-lateral Coulomb stress on the Izmit segments due to coseismic slip on a 3-D dislocation model of the Mudurnu Valley rupture within an elastic half-space. Coulomb stress analysis has previously been used to investigate the distribution of aftershocks with spatial patterns of static stress change, as well as to resolve static stress changes on neighbouring fault planes. Harris (1998) provides an excellent review of the previous studies utilizing Coulomb stress principles to calculate static stress changes caused by slip on faults during earthquakes. Several of these studies have investigated NAF earthquake sequences. Stein et al. (1997) investigated the sequential changes in Coulomb stress due to the events in the period 1939 -1967 and Hubert-Ferrari et al. (2000 , Parsons et al. (2000) and King et al. (2001) calculated the cumulative static Coulomb stress changes in the Marmara Sea region since 1700. On a larger scale, Nalbant et al. (1998) investigated stress coupling between 29 M s ≥ 6.0 events in northwest Turkey and the north Aegean Sea since 1912. This study focuses on a smaller scale than those previously mentioned in both the time window and the spatial area of interest. In addition, because we are interested in regions that are close to fault tips, we use interpolated 3-D slip distributions that taper to zero at the lateral and bottom fault edges rather than uniform slip on rectangular dislocations.
To calculate Coulomb stresses on the Izmit rupture segments we employ Poly3D (Thomas 1993) which is a boundary element code based on the analytical solution for the elastic boundary value problem of an angular dislocation in a half-space (Comninou & Dunders 1975; Jeyakumaran et al. 1992) . Model faults are composed of triangular dislocation elements, which allow for curved 3-D surface and tipline geometries. The model faults are vertical and extend to a depth of 15 km. As a result of a lack of sufficient data, we assume the 15 km maximum depth of coseismic faulting in the Mudurnu Valley earthquake based on the maximum depth of slip in the Izmit earthquake. For the Izmit earthquake, this coseismic fault depth corresponds to the approximate depth to which aftershocks extend following the Izmit earthquake (Tibi et al. 2001; Özalaybey et al. 2002) as well as the maximum depth for coseismic slip for the Izmit earthquake inverted from GPS measurements (Reilinger et al. 2000) and GPS, InSAR and SPOT data (Feigl et al. 2002) .
The change in right-lateral Coulomb stress, σ rl , on the fault segments is defined as the difference in σ rl before and after the Mudurnu Valley coseismic slip:
where µ is the effective coefficient of friction (including the effects of pore pressure) and σ n and τ rl are the changes in the normal and right-lateral shear tractions, respectively, associated with the stress perturbation of the Mudurnu Valley earthquake. Tensile stresses are positive and τ rl is set to be positive for right-lateral slip. There is an isotropic normal (lithostatic) stress gradient of 25 MPa km −1 with depth, and a regional tectonic compressive stress of 10 MPa applied at an orientation of N 55
• W (Stein et al. 1997 ). We use µ = 0 and 0.6 as endmember values for the effective coefficient of friction in our models. Since faults within intraplate regions (Townend & Zoback 2000) are suggested to have greater friction strength than interplate faults (e.g. the San Andreas fault )), we use the observed coefficient of friction for intraplate faults of µ = 0.6 as an upper bound for the interplate faults in our model.
Following the arguments presented in Section 3.1, we model the Mudurnu Valley earthquake fault with a right-lateral slip boundary condition. The net slip on the Mudurnu Valley fault in each case is applied such that it equals a fourth-order function of the measured coseismic right-lateral offset at the surface (Ambraseys & Zatopek 1969) and is zero along the lateral and lower edges (Figs 4c-e) . In cases 2 and 3 the surface slip west of Karapürcek is prescribed to be zero. There is also a local slip maximum defined at the hypocentre and slip on the rest of the fault is calculated as a linear interpolation from this maximum to the prescribed values along the tiplines. The magnitude of the local slip maximum at depth is constrained such that the average slip over the fault corresponds with the calculated seismic moment for the Mudurnu Valley earthquake. Estimates of the seismic moment of the earthquake vary widely between authors. Stein et al. (1997) provides the lowest reported value of 2.7 × 10 19 N m for the event based on uniform slip on faults that extend to a 12.5 km depth while Pinar et al. (1996) sum the calculated moments of six subevents for the largest reported total of 1.1 × 10 20 N m. We use the minimum estimate of seismic moment for our analysis ∼2.7 × 10 19 N m (Stein et al. 1997 ) so the slip magnitudes we apply at depth in each case may underestimate the actual Mudurnu Valley coseismic slip magnitudes.
Unlike other models of Coulomb stress transfer (Stein et al. 1997; King et al. 2001 ), we do not include interseismic stress loading via a deep dislocation or viscous shear zone below the depth of coseismic faulting. We do this for several reasons. First, it is not understood how the mountain front or the Izmit earthquake faults serve to accommodate the deep plate motion. Adding secular slip beneath either fault would influence which fault would accommodate the largest Coulomb stress change since 1967. Estimates of the differential plate motion from GPS studies along this portion of the NAF system are 21-22 cm yr −1 (Reilinger et al. 1997; Straub et al. 1997) . Applying this secular slip rate to a dislocation beneath the coseismic fault segments would load the coseismic fault segments by approximately 0.015 MPa yr −1 for a fault with a locking depth of 12.5 km (Stein et al. 1997) . Over the period 1967-1999 secular slip at depth could therefore be expected to load the coseismic fault segments by approximately 0.5 MPa. These secular stress changes are up to several times the magnitude of the static coseismic stress changes calculated in our models. Unfortunately, the positions of the GPS stations in this region (Straub et al. 1997) does not allow one to partition relative displacements between the closely spaced, subparallel fault strands (mountain-front fault and the Izmit earthquake fault), leaving the question of which may have been the more active fault before 1999, or where to apply slip via deep dislocations beneath the coseismic faults, unresolved. However, as suggested by observations of seismicity rate changes (Stein 1999 ) and the concepts of rate and state friction (Dieterich 1994) , the sudden coseismic stress increases can have a much larger effect on earthquake triggering than the secular stress loading that we omit.
Secondly, if we were to add deep dislocations beneath both faults with equal slip rates, it would superimpose a fairly uniform stress distribution upon the perturbation of the Mudurnu Valley coseismic slip and would not serve to help differentiate either fault as more susceptible to failure after 1967. As a result of the proximity (<10 km) of the two faults, it is also likely that applying slip via a broad (several km) viscous shear zone at depth along the plate boundary would supply comparable loading to the mountain-front and Izmit earthquake faults within the crust above. A deep viscous shear zone would therefore not preferentially load either fault, and would not help us assess which fault strand was more susceptible to failure after 1967.
R E S U LT S
If the extent of the 1967 Mudurnu Valley earthquake slip at the surface marks the western termination of slip at depth (Fig. 4a , case 1), the largest increase in right-lateral Coulomb stress, on any fault in the model, is located along the westward continuation of the Mudurnu Valley fault along the mountain-front fault ( Fig. 6 and Table 1 ). This is the true for both µ = 0 and 0.6. For the case of µ = 0, σ rl reaches 0.57 MPa on the mountain-front fault. Of the Izmit earthquake fault segments, the Sakarya segment receives the most loading for right-lateral failure with σ rl approaching 0.06 MPa. For µ = 0.6, the mountain-front fault is still most favoured overall, and the Sakarya segment is still most favoured of all the Izmit segments, although σ rl is reduced on both the mountain-front fault (0.50 MPa) and the Sakarya segment Table 1 . Maximum Coulomb stress changes ( σ rl in MPa) on the largest Izmit fault segments, at the Izmit earthquake epicentre, and on the mountain-front fault for the three Mudurnu Valley fault rupture configurations and the two endmember effective friction (µ ) values. (0.03 MPa). The lack of dependence on µ for the Coulomb stress changes indicates that the shear stress changes are much larger than the normal stress changes on these segments for this model configuration. Coulomb stress changes on the Karadere segment, however, differ substantially for different values of µ . The case of µ = 0 shows that the shear stress changes (equivalent to σ rl for µ = 0) reduce the tendency for right-lateral slip. A reduction in the normal stress acting across the Karadere segment, however, leads to the increased Coulomb stress change for the case of µ = 0.6. Therefore, unclamping normal stress changes dominate the Coulomb stress changes on the Karadere segment. Interestingly, the strike of the Karadere segment is oriented 25
• towards the northeast relative to the western Izmit rupture segments. This orientation is at a high angle relative to N55
• W, the most compressive regional stress direction, and also forms a significant discontinuity for the eastward-propagating rupture to transition. The Coulomb stress changes due to the 1967 earthquake may therefore have eased the coseismic rupture progression in 1999 by reducing the normal stress across the Karadere segment. If the western extent of subsurface rupture during the 1967 Mudurnu Valley earthquake follows the mountain front fault to the west (Fig. 4a, case 2) , then the potential for right-lateral failure is again greater along the mountain-front continuation of the Mudurnu Valley fault than on the 1999 Izmit earthquake fault segments (Fig. 7) for both µ values (Table 1) . In this case, however, the Sapanca segment is the most favoured of the Izmit earthquake segments. For µ = 0, the maximum σ rl is 0.19 MPa and 0.76 MPa for the mountain-front and Sapanca fault segments, respectively. Increased normal stress clamping on the Sapanca segment, however, reduces the magnitude of σ rl for the case of µ = 0.6. Again, the Karadere segment has negative right-lateral Coulomb stress changes for µ = 0 and positive right-lateral Coulomb stress changes for µ = 0.6.
If the western extent of the subsurface rupture during the 1967 Mudurnu Valley earthquake diverges from the fault along the mountain front and follows the alignment of the reported minor surface failures (Fig. 4a, case 3) , then the segment accommodating the greatest right-lateral Coulomb stress change depends on the coefficient of friction assigned for the faults. For µ = 0, the maximum σ rl is greater on both the Sapanca and Sakarya segments than it is on the mountain-front fault ( Fig. 8 and Table 1 ). The large positive values of σ rl on the Sakarya segment are restricted to only the western edge of the fault within several kilometres of the surface; therefore, we would suggest that the Sapanca segment is more favoured for failure than the Sakarya segment in this case. For µ = 0.6, while the Sakarya segment again has large increases in σ rl on its western edge, the results suggest that the mountain-front fault is most favoured to fail. The change in sign of σ rl on the Karadere segment according to µ is comparable to the other two cases.
In summary, all three scenarios investigated in this study provide increasing right-lateral Coulomb stresses along the western segments of the Izmit earthquake fault (Karamürsel, Sapanca and Sakarya) and at the Izmit hypocentre (0.009-0.017 MPa); therefore, we conclude that the Mudurnu Valley earthquake may have served as a trigger for the Izmit earthquake. However, all scenarios, except case 3 with µ = 0, provide Coulomb stress increases along the mountain-front fault that exceed the stress increases on the Izmit earthquake fault segments. For the case 3 configuration (Fig. 4a) and µ = 0, there are larger Coulomb stress increases on the Sapanca segment than on the mountain-front fault. Even in this case, however, the location of the increasing Coulomb stress is on the eastern part of the Sapanca segment and the magnitude of the maximum stress change is slightly less than the maximum on the Sakarya segment. In addition. all three scenarios also result in increasing right-lateral Coulomb stress on the Karadere segment in the eastern part of the Izmit earthquake fault for only the greater coefficient of friction.
D I S C U S S I O N
Our results indicate that the 1967 Mudurnu Valley earthquake promoted right-lateral failure on all segments of the Izmit earthquake fault west of the potential termination of the 1967 rupture. This result is consistent with the notion of a westward progression of sequential failure along the NAF (Dewey 1976; Toksöz et al. 1979; Stein et al. 1997) . Our results suggest, however, that only for a case in which the 1967 Mudurnu Valley coseismic slip extended in the subsurface towards Lake Sapanca (case 3) with µ close to zero would the static Coulomb stress changes favour rupture on the Izmit earthquake fault over the mountain-front fault. This suggests that the geometry of the western portion of the 1967 rupture was closer to that represented in case 3. Parsons et al. (2000) use a configuration of the Mudurnu Valley rupture similar to our case 3 for their stress-triggering study for the Marmara Sea region, yet they do not provide justification for locating the western termination of 1967 rupture near Lake Sapanca. We feel that our modelling results and the observation of shear offsets of tens of centimetres at the surface near Lake Sapanca in 1967 justify this location for the western termination of Mudurnu Valley earthquake rupture. In the absence of any knowledge of the pre-strength condition on the Izmit earthquake fault segments, our results also suggest that the active NAF may be rather weak, with a low effective coefficient of friction. The notion of a low coefficient of friction has been proposed for other large plate-boundary strike slip-faults, such as the San Andreas fault , due to measurements of high angles between the local most compressive stress direction and the fault strike. A focal mechanism inversion of earthquakes in the Marmara Sea region suggests that the most compressive stress is about 55
• from the strike of the Izmit segments (Gürbüz et al. 2000) . This angle is less than the 60
• -90
• angles measured along much of the San Andreas , but is greater than the ∼30
• that would be predicted for a strong fault (i.e. µ = 0.6). More in situ stress measurements would be necessary to evaluate the frictional strength along this portion of the NAF.
For the Mudurnu Valley earthquake fault configuration of case 3 and µ = 0, the area of greatest increase in right-lateral Coulomb stress is located near the overlap of the Sapanca and Sakarya segments near Lake Sapanca. This location is nearly 35 km from the instrumental epicentre located near Gölcük (Toksöz et al. 1999) , along the western part of the Sapanca segment. The observed mismatch of the hypocentral location of the Izmit earthquake and the location of the greatest right-lateral Coulomb stresses increases in all three of our model cases may therefore be interpreted in several ways. One interpretation is that the western termination of the Mudurnu Valley rupture could be inaccurate and it actually occurred further east, closer to Gölcük. This is unlikely due to the lack of any surface rupture observations west of Lake Sapanca associated with the Mudurnu Valley earthquake.
A second interpretation is that static stress perturbations have a greater effect on the magnitudes of eventual slip rather than on the process of slip initiation. The initiation process could rather be dictated by other heterogeneities in geometry or local fault strength that are not represented in our model. An apparent relationship between static stress changes and slip maxima has been noted for other large earthquake sequences (Du & Aydin 1993; Perfettini et al. 1999 ). In our model, this relationship is supported as a slip maximum near Lake Sapanca, the location of greatest Coulomb stress increase, has been computed from joint inversions of InSAR, GPS and seismic data (Delouis et al. 2002) and inversion of InSAR, GPS and other satellite imagery (Feigl et al. 2002) . The surface slip (Fig. 5) does not correlate as well with the locations of the computed stress increases in our case 3, although the Sapanca and Sakarya segments do have the greatest right-lateral surface slip apart from the epicentral region.
A third interpretation is that other historical earthquakes prior to 1999 have preferentially loaded the Izmit fault, and specifically the Gölcük region, for failure. Potential earthquakes affecting the pre-1999 stress condition on the Izmit fault include the 1943 HendekAdapazari earthquake (M s = 6.4) near Hendek north of the Sapanca segment, and the 1963 Yalova earthquake (M s = 6.4) within the Marmara Sea to the west of the Bay of Izmit and north of Yalova (Fig. 2a) . The 1943 right-lateral strike slip event reduced the Coulomb failure stress on the Izmit fault (Parsons et al. 2000) , and to a lesser degree on the mountain-front fault, suggesting that this event would not have preferentially loaded the Izmit earthquake fault, or the epicentral Gölcük region, for failure. The 1963 pure normal faulting event should have increased the Coulomb failure stress on both the Izmit and mountain-front faults. However, due to the proximity of these two faults and their distance from the Yalova rupture, the stress increases for both faults would be small and of comparable magnitude. The location of the 1963 event, west of the Izmit rupture, however, could have possibly contributed to the Izmit hypocentre being located west of the maximum Coulomb stress changes predicted by our model.
Whereas previous studies of stress transfer along the NAF have focused on the regional Coulomb stress changes associated with multiple ruptures over hundreds of kilometres and tens to hundreds of years (Stein et al. 1997; Hubert-Ferrari et al. 2000) , this study focuses on a more detailed fault configuration for a single interacting earthquake pair. In the stress studies of Stein et al. (1997) , the Mudurnu Valley rupture stops at the western extent of 1967 surface rupture and the maximum and mean Coulomb stress changes on the Sapanca fault segment (the future Izmit earthquake fault) due to the fact that preceding M > 6.7 earthquakes are positive ∼0.01 MPa. In the fault model of Parsons et al. (2000) , the 1967 rupture extends all the way to the south side of Lake Sapanca and the Gölcük segment and the Izmit hypocentral region receive the greatest increases in Coulomb stress. However, in our model with more accurately constrained fault geometries, the stress perturbation caused by the 1967 Mudurnu Valley earthquake resolved greater Coulomb stresses on a fault other than the Izmit earthquake fault for two of three potential 1967 rupture configurations. This suggests that while calculations of Coulomb stress changes on optimally oriented planes (Stein et al. 1997) place Izmit within a region of stress increase after 1967; Coulomb stress changes resolved on faults within that broad zone of stress increase would probably have failed to predict the particular fault most susceptible after 1967.
C O N C L U S I O N S
For three potential locations of the western termination of rupture in the 1967 Mudurnu Valley earthquake, we show that the 1999 Izmit hypocentre received positive right-lateral Coulomb stress changes due to the 1967 rupture. In addition, the mountain-front fault and all Izmit earthquake fault segments west of the 1967 rupture termination also received positive right-lateral Coulomb stress changes. However, only when the 1967 rupture terminates near the southern shore of Lake Sapanca, and the faults have an effective coefficient of friction of zero, do our results show that the Izmit fault segments receive greater Coulomb stress increases than the mountain-front fault. These results highlight the fact that minor changes in rupture geometry and slip distribution can have a significant impact on identifying which fault strand or segments within a larger fault system may be most susceptible to future failure. The ability to identify which segment or strand within a fault zone is most susceptible to failure is crucial information for evaluating future rupture scenarios. Incorporating additional data such as paleoseismic recurrence intervals and recent microseismicity in conjunction with Coulomb stress models may therefore aid in characterizing the seismic hazard of individual faults within a complex regional fault configuration.
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